Revealing the surge behaviour of the Yangtze River headwater glacier during 1989-2015 with TanDEM-X and Landsat images Mountain glaciers are the most important headwater source for rivers on the Tibetan Plateau. The Yangtze River has a length of 6380 km; it is the longest river in China and the thirdlongest in the world. It has a basin area of 180 × 10 4 km 2 , and its annual runoff capacity is over 1/3 of the total budget of the country (Jiang and Wang, 2004; Dai and Yang, 2006) . The river originates from the middle region of the Tanggula Mountain Range on the Qinghai-Tibetan Plateau (Fig. 1) , which has an average elevation of more than 5000 m and more than 100 glaciers. The Jianggudiru Glacier serves as the headwater glacier of the Yangtze River and is located southwest of Geladandong Peak (Fig. 1) . It is horseshoeshaped and has two tributaries extending northward and southward. The southern and northern Jianggudiru Glaciers (SJG and NJG) have areas of ∼32 and 26 km 2 , respectively. The SJG and NJG are located on the Tibetan Plateau with limited influence from the monsoonal and westerlies, but are affected by the strong local circulation (Wang and others, 2013). The accumulation season is from May to September (Ye and others, 2006). Because of the remoteness and very high altitude of the Jianggudiru Glacier, there has been little fieldwork on monitoring its changes, and understanding of this glacier is limited.
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Space-borne Earth observation techniques have been used to study glaciers because of their ability to monitor regions of interest periodically and objectively at a low budget. The Landsat series satellites with the Multispectral Scanner (MSS), Thematic Mapper (TM), Enhanced Thematic Mapper Plus (ETM+) and Operational Land Imager (OLI) sensors and satellites with synthetic aperture radar (SAR) sensors provide useful data for most studies on glacier changes. In the present study, the DLR TerraSAR-X add-on for Digital Elevation Measurement (TanDEM-X) and Landsat images were combined to reveal the surge behaviour of both SJG and NJG for the first time.
Previous studies on the Geladandong mountain glaciers were always based on the a priori assumption that the glacier change in this area is slow and controlled by climate change (Ye and others, 2006; Zhang and others, 2008) , so quick short-term changes in the glacier have always been missed. Lu and others (2002) studied the Geladandong region for variations in the glacier area between 1969 and 2000 by using aerial photos and Landsat TM images. Their results indicated that the glacier area had decreased by ∼1.7% from 1969 to 2000, while the SJG had retreated more than 1 km over those 31 years. Ye and others (2006) analysed the Geladandong Glacier area change during 1969-76 and 1992-2002 with Landsat MSS, TM and ETM+ images. Their results showed an accelerated glacier retreat that likely increased due to the summer air temperature in this area. Zhang and othes (2008) studied the Geladandong Glacier area change over the periods of 1968-71 and 2001/02 using the Chinese Glacier inventory and Landsat ETM+ images. They analysed four glaciers, including the NJG and SJG. The four glaciers all displayed a retreating trend during the study period, which contradicts Lu et al.'s study (2002) of Glacier 5K451F0012 (GLIMS ID G091050E33584N). Zhang and others (2008) noted that this may have been caused by a glacier surge that is independent of climate change in this region. SAR data were recently used to study the Geladandong Glacier. Velocity maps were obtained for the years 1996-2010 and the NJG was identified as a surge-type glacier with SAR intensity offset tracking. Meanwhile acceptable results for the SJG were not obtained (Li and others, 2014) . Glacier surging is a phenomenon that reflects internal dynamic changes rather than influence from the climate (Meier and Post, 1969; Raymond, 1987) . Although surging glaciers only make up ∼1% of the global glacier population, they have an important role in the investigation of glacier processes (Kamb and others, 1985; Clarke, 1987; Jiskoot and others, 2000; Sevestre and Benn, 2015) . A surging glacier displays a multiyear and quasi-periodic oscillating behaviour between two phases: a long quiescent phase up to tens or hundred years and a short-term fast-moving phase that may last several years. The cycle occurs repeatedly (Kamb and others, 1985; Raymond, 1987) . Surging glaciers have various dynamical and morphological characteristics, such as a rapidly advancing ice front, thickened terminus and thinning in the accumulation area during the surging period (Meier and Post, 1969; Clarke, 1987; Lv and others, 2016) . Such behaviour has been used to identify surging glaciers around the world (Murray and others, 1998; Copland and others, 2003; Hewitt, 2007; Jiskoot and Juhlin, 2009; Burgess and others, 2012; Pitte and others, 2016) .
During a glacier surge, a large volume of ice is transferred rapidly from the up-valley reservoir area to a down-glacier receiving area, and a large elevation change occurs in the reservoir and receiving areas (Meier and Post, 1969; Murray and others, 1998; Pitte and others, 2016) . This causes obvious geometric changes in the glaciers. If this signal can be observed, then surging behaviour can be identified. The DEM difference method was used to study the geometric changes in the headwater glacier of the Yangtze River. The DEM difference method efficiently extracts the temporal surface elevation change of the glacier and has been used in many studies on normal glacier changes (Kargel and others, 2005; Surazakov and Aizen, 2006; Paul and Haeberli, 2008; Kronenberg and others, 2016) and elevation changes of surging glaciers (Auriac and others, 2014; Pitte and others, 2016; King and others, 2016) .
To quantify the glacier elevation changes, images from the Shuttle Radar Topography Mission (SRTM) DEM of USGS, Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) DEM processed by USGS, and TanDEM-X images from the DLR were collected. SRTM Cband SAR images were acquired in February 2000, and a total of nine ASTER images spanning from 2001 to 2015 with less cloud cover were used to generate DEMs with the help of USGS. The quality of the final DEMs was checked with the SRTM DEM; only one ASTER DEM acquired on 4
May 2007 was usable for the Jianggudiru Glacier, which has a std dev <7 m for the off-glacier area between SRTM and ASTER DEM. The TanDEM-X images were acquired on 3 April 2014 with HH polarisation in the stripmap mode. The baseline is an important parameter during the InSAR processing (Krieger and others, 2007; Liu and others, 2016) , especially for the TanDEM-X InSAR processing. A baseline error of ∼1 mm would cause a height error of ∼4 m for this TanDEM-X image pair. The baseline-induced phase error was adjusted first to improve the height accuracy obtained from the TanDEM-X images (González and others, 2012) and the relative theoretical vertical accuracy was 2-4 m depending on the slope (Krieger and others, 2007) . The vertical accuracy was estimated to be <4.5 m of the DEM difference between TanDEM-X and SRTM DEM from the offglacier area. Another issue which should be mentioned is that the DEMs obtained from C and X band SAR have small differences due to their different penetration depths, while the ASTER DEM, based on visible wavelength, represents the true surface. These considerations are important when interpreting smaller changes on glacier surfaces.
The DEM difference results show that the down-glacier elevation changes of the NJG between 2000 and 2014 showed a thickening of up to 60 m (Fig. 2a) , while the elevation changes between 2007 and 2014 showed thinning of ∼30 m (Fig. 2b) . This means that the down-glacier elevation of the NJG reached a maximum (>90 m) sometime after 2000 but before 2007 -possibly due to glacier surgingand then dropped down continuously until 2014. In contrast, the elevation of the up valley glacier of the NJG between 2000 and 2014 showed thinning of ∼20 m (Fig. 2a) , while the elevation changes between 2007 and 2014 showed thickening of more than 10 m (Fig. 2b) .
In contrast, the elevation change of the SJG was different. In the upper reaches, the SJG thickened by up to 10 m between 2000 and 2014 (Fig. 2a) , while the elevation changes between 2007 and 2014 showed thinning of ∼10 m (Fig. 2b) . The rate of change in the upper elevation was clearly less than that of the NJG. The down-glacier elevation of the SJG dropped continuously between 2000 and 2014 by up to 50 m, while the difference decreased to 30 m between 2007 and 2014. The down-glacier elevation change of the SJG hints that there may have been a surging event before 2000 that caused a big down-glacier elevation rise of the SJG and that the elevation then dropped after the surge. Because there have been no previous studies on the surging phenomena of the headwater glacier in this area, the results from the previous DEM differencing method were examined according to changes in the time-series Landsat TM images from 1988 to 2015 in order to realise a more comprehensive understanding of the glacier change behaviour.
For the SJG, the down-glacier changes could be divided into four different periods. In Figure 3 , the first row of TM images shows that, before 1996, the SJG was continuously retreating, and the SJG terminus retreated ∼1 km during 1989-96 (Figs 3a-e) . From 1996, the glacier began to advance rapidly; it moved forward more than 1 km within 2 years (red arrow in Figs 3e-h) . The position and shape of the SJG terminus were relatively stable from 2000 to 2006 (Figs 3i-l) . From 2007 to the present, there has been a narrowing trend for the transverse section, and the terminus position has been slowly retreating (Figs 3m-p) . This corresponds with the DEM difference results showing that the down-glacier elevation of the SJG has continued to drop after the surge event in 2000. Furthermore, there has been little change in the down-glacier shape of the SJG (Figs 3i-l) .
The NJG showed different behaviour compared with the SJG. The position of the terminus was relatively stable from 1988 to 1996 (Figs 3a-e Although it has been suggested that an environmental control is not obvious for glacier surging (Meier and Post, 1969; Raymond, 1987) , climate change may be a possible reason for changes in surging behaviour. For example, it may lead to a change in the number, amplitude, period and mechanism of surging glaciers (Hoinkes, 1969; Copland and others, 2011; Flowers and others, 2011; Sevestre and Benn, 2015) .
Accumulated summer (May-September) precipitation (Fig. 4a) at Tuotuohe station has no clear trend with a mean value ∼235 mm from 1970 to 2015, while the time-series plot of the average summer (May-September) temperature showed a rising trend especially from 1990 to 2010 (Fig. 4b) . This region is located within a well-defined climatic envelope of 0-10°C for the mean summer temperature and 200-2250 mm for the mean summer precipitation, and glaciers appear to be more prone to surging under this climate (Sevestre and Benn, 2015) . However, the glacier surges were not synchronised with the meteorological change, and the SJG and NJG were not changing together even though they are very close to each other. Thus, the internal surge mechanism in each glacier dominates its behaviour over this time period.
We used a combination of three different types of DEMs, and a series of Landsat images to reveal the surge behaviour of the Yangtze River headwater glacier. The SJG surged ∼1997, while the NJG surged ∼2002. Our analysis takes advantage of both the DEM differencing, and sequential Landsat images to discover both the elevation and area changes of a previously unknown surging glacier. This method, in particular due to global repeat coverage of TanDEM-X in recent years, provides a quickway to discover not yet identified glacier surges in other regions of the world. 
